The chromatin-associated enzyme poly(ADP-ribose) polymerase is a 116-kDa protein that uses NAD as substrate to catalyze both the covalent transfer of ADP-ribose to a variety of nuclear protein acceptors and subsequently catalyzes the transfer of an additional 60-80 ADP-ribose units to the initial moiety. Nuclear proteins that become predominantly poly-(ADP-ribosyl)ated include nucleosomal core histones, histone H1, HMG proteins, topoisomerase I and II, and simian virus 40 large tumor antigen (1) . Extensive autopoly(ADPribosyl)ation of the polymerase also occurs (2) . A clue to the biological function of poly(ADP-ribosyl)ation is provided by the observations that the in vitro catalytic activity of the enzyme is exclusively dependent upon the presence of strand breaks in DNA (3) (4) (5) (6) . It is thus possible that the enzyme system functions in response to transient and localized DNA strand breaks in cells that may arise through a variety of processes including DNA repair, replication, recombination, and gene rearrangement. Accordingly, the long-term rationale for the molecular cloning of the gene encoding this enzyme has been to precisely define the function(s) of this nuclear protein modification system.**
MATERIALS AND METHODS
Antibody Screening of Xgtll Library. The Xgtll library used in the study was constructed with mRNA isolated from human hepatomas and was screened by a modification of the method of Young and Davis (8) . The antibody used in the screening was a rabbit antiserum against a pure preparation of HeLa cell poly(ADP-ribose) polymerase (9) . A similar antibody has been described (10) .
Hybrid Selection and Hybrid-Arrested Translation. The cDNA inserts of recombinant Xgtll clones were excised by EcoRI digestion as described by the supplier (Bethesda Research Laboratories) and subcloned into the plasmid pBR322. Plasmid preparations containing 0.1-0.5 ,ug of cDNA insert were linearized by digestion with EcoRI endonuclease and spotted on 5-mm nitrocellulose filters (Schleicher & Schuell). Filter-bound DNA was alkali-denatured, neutralized, washed, and hybridized to mRNA as described (11) . Hybridized RNA was eluted from the filters and translated in a mRNA-dependent rabbit reticulocyte lysate. Hybrid-arrested translation studies were performed essentially as described by Miller et al. (11) . RESULTS
Isolation and Characterization of a Partial Human Poly-(ADP-ribose) Polymerase cDNA. A Xgtll cDNA expression library constructed from human hepatoma mRNA was screened with an antibody against human poly(ADP-ribose) polymerase (9) . The polyclonal antibody reacted selectively with polymerase on immunoblots of total HeLa nuclear proteins (see below). This antibody specifically promotes only poly(ADP-ribose) polymerase immunoprecipitation from [35S]methionine-labeled cell extracts and neutralizes catalytic polymerase activity in an in vitro assay (data not shown). We screened 2 x 106 plaques from the hepatoma Xgtll library. Several clones were identified as producing a hybrid protein with polymerase antigenic determinants through five successive rounds of antibody screening and plaque purification (7) . DNA was isolated from these clones $ Proc. Natl. Acad. Sci. USA 84 (1987) 1225 and digested with EcoRI. The cDNA inserts ranged in size from 2.1 to 0.14 kilobases (kb). It should be noted that clone 2-1 had an internal EcoRI site yielding two fragments A and B of 1.3 kb and 0.7 kb, respectively.
Three selected phage clones were used to lysogenize bacterial strain BNN103. A bacterial lysate was prepared from the cells by incubation ofthe temperature-sensitive repressor at 42TC and induction of fusion protein production by isopropyl f-Dthiogalactoside. The lysate was analyzed by NaDodSO4/PAGE and immunoblotting, as shown in Fig. 1 . In three ofthe selected clones (0-1, W-1, and 2-1; lanes 3-5, respectively), the fusion protein reacted selectively with the anti-human poly(ADPribose) polymerase. There was no reactivity with &3-galactosidase per se as indicated in lane 2 by immunoblotting of Xgtl1 phage-infected cells lacking a DNA insert.
Inserts in Xgtll phage were removed by cleavage with EcoRI and recloned in EcoRI-cleaved phosphatase-treated pBR322. The cDNA fragment A (derived from Xgt11 clone 2-1) was used as a probe to hybridize against the other four selected cDNA fragments. Southern blot analysis indicated that insert A did not hybridize to insert B (which is from the same large insert in Xgtll) nor was there hybridization to any other inserts.
RNA Gel Blot Analysis. The molecular weight ofpoly(ADPribose) polymerase (116 kDa) predicts that the mRNA for this protein must be at least 3 kb. Accordingly, the cDNA inserts were evaluated for use as probes to screen RNAs prepared from various human cells by RNA gel blot analysis. The smaller cDNA clones mainly hybridized to mRNA species that migrated considerably faster than the 18S ribosome marker (i.e., <2.5 kb). On the other hand, as shown in Fig.  2 A, lanes 1 and 2, and B, lanes 1 and 2, the 1.3-kb insert-A cDNA hybridized only to an mRNA species derived from either HeLa cell total or poly(A)+-selected RNA, which was slightly faster in mobility than the 28S marker and, hence, 3-4 kb in size. Identical results were achieved with human fibroblast mRNA and human bladder carcinoma strain 1080 total RNA HeLa Control 2-1
Induction of the synthesis of antigenic fusion proteins in Xgtll. The synthesis of the fusion proteins was induced essentially as described (8) . Total proteins from Escherichia coli strain BNN103 and its Xgtll lysogens were isolated and analyzed by NaDodSO4/ PAGE. Duplicate lanes of the gel were either stained with Coomassie blue (lanes 1 and 2a-5a) or were transferred to a nitrocellulose membrane and subsequently treated with poly(ADP-ribose) polymerase antibody (lanes 2b-5b) and visualized using anti-rabbit peroxidase IgG. Lanes 3-5 represent polymerase positive X strains 2-1, W-1, and 0-1, respectively. Lane 1 contains molecular weight markers; lane 2 contains proteins from an induced Xgtll strain that contains no insert and only synthesizes ,-Lgalactosidase. Lane 6 is an immunoblot of a semi-purified preparation of HeLa cell poly(ADPribose) polymerase that comigrates on these gels at 116 kDa, with P-galactosidase (2, 9, 12). ( Fig. 2A, lanes 3-5) . Using RNA size markers, the HeLa cell mRNA species was calculated to be about 3.6 kb in size.
Hybrid Selection and Hybrid-Arrested Translation. Since amino acid sequence data is not as yet available for the human 116-kDa poly(ADP-ribose) polymerase, we verified that the cDNA insert A coded the polymerase cDNA sequences by a variety of techniques. First, insert A was bound to nitrocellulose and used to select and isolate the 3.6-kb mRNA species from total HeLa cell poly(A)+ RNA (Fig. 2B, lane 3) . Some 1.3-kb insert DNA was also released from the filter but did not interfere with subsequent translation studies. Negligible residual 3.6-kb mRNA was noted in the mRNA not retained by the filter (lane 4). The hybrid-selected mRNA was translated in a reticulocyte lysate with [35S]methionine. Total poly(A)+ RNA stimulated translation of many proteins in this assay (Fig. 3A, lane 1) . NaDodSO4/polyacrylamide gel analysis of the translated and immunoprecipitated products of hybrid-selected mRNA translation was performed. When immunoprecipitated with antipolymerase (lane 3), but not preimmune sera (lane 2), the largest product migrated identical to the 116-kDa poly(ADP-ribose) polymerase (also see Fig. 3B, lanes 3 and 4) . A second band at -45 kDa is either nonenzymatic 35S labeling of protein in the translation lysate or specific degradation peptides ofpolymerase (14) , which we occasionally note during immunoprecipitation (i.e., Fig. 3B (13) . The autoi NaDodSO4/polyacrylamide gel containing "S products is shown. The reticulocyte lysate follows: lane 1, nonhybrid-selected, total HeLa 2, hybrid-selected RNA followed by immu preimmune sera; lane 3, hybrid-selected RNA tation with anti-poly(ADP-ribose) polymeras4 pcD-12 cDNA (0.1 ,ug) (see Fig. 4 (Fig. 4, lane 3) 4 hr at 37°C in the presence of DEAE-dextran as described (15) . After 48 hr, the cells were rinsed, scraped from plates, sonicated, and assayed for poly(ADP-ribose) polymerase activity or immunoprecipitation (17) . (A) Sonicated samples were assayed for activity for 10 sec with 2.8 ,uCi (1 Ci = 37 GBq) [32P]NAD (2.1 mM), ethanol precipitated, electrophoresed on 7.5% NaDodSO4/polyacrylamide gels, and exposed to x-ray film at -70°C. Lanes 1-3 show cells transfected with pcD-12, pSV2-CAT, or mock-transfected, respectively. (B) The sonicated samples were separated by electrophoresis in 7.5% NaDodSO4/polyacrylamide (containing sonicated salmon sperm DNA at 100 ,g/ml). The gels were subsequently "renatured," and the gel was assayed directly with [32P]NAD for in situ poly(ADP-ribose) polymerase activity as described by indicated that these cellular conditions cause either immediate or long-term induction for poly(ADP-ribose) polymerase. However, in the future, once stable, transfected cell lines containing the polymerase cDNA and controlled by inducible promoters are available in our laboratory, it is hoped that the relationship between this enzyme system and pleiotropic reactions of cells involving DNA breakage can be better elucidated.
3.6 kb 1 2 3 4 5 6 7 8 9 10 11 FIG. 6. Levels of polymerase mRNA during the cell cycle. HeLa cells were synchronized by a double thymidine block and released into S phase at 0 time (lane 1) as described in detail (20) . Total cellular RNA samples were isolated hourly until 10.5 hr into the cell cycle, lanes 2-11, respectively. RNA (15 ,ug) was loaded on each lane and hybridized to the pcD-p(ADPR)P insert.
impressive evidence for our isolation of the human poly-(ADP-ribose) polymerase sequences. The transient expression data was verified by at least three criteria.
Using pcD-p(ADPR)P as probe, polymerase mRNA levels in synchronized HeLa cells were noted to be relatively steady and low during the first 4 hr of S phase; however, increased mRNA levels were noted at 5 hr and again at 7 hr. Near the end of S phase the polymerase mRNA levels decreased to basal levels. The polymerase transcription thus appears to occur about an hour or two later than newly synthesized histone mRNA. These initial results seem consistent with high levels of enzymatic activity for polymerase and for the synthesis of poly(ADP-ribose) noted during these same periods of S phase of the cell cycle (18, 19) as well as with the specificity of polymerase inhibitor-promoted cell lethality during S phase (21) .
By various direct and indirect methods, the poly(ADPribosyl)ation of various nuclear proteins seems to play an important role in modulating chromatin structure in those biological events involving single-strand DNA breaks (13, 22) . Thus far, our preliminary results on RNA gel blot analysis using pcD-p(ADPR)P as probe with RNA 
